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Negative Selection at the Pre-BCR
Checkpoint Elicited by Human m Heavy
Chains with Unusual CDR3 Regions
pressed on the cell surface as part of the pre-B cell
receptor (pre-BCR) (Rajewsky, 1996; Karasuyama et al.,
1996). In addition to m heavy chain, the pre-BCR consists
of the surrogate light chain and the Iga/Igb signal trans-
duction module. The surrogate light chain escorts the
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m heavy chain to the cell surface and assesses its abilityMemphis, Tennessee 38105
to bind conventional light chains (Karasuyama et al.,
1990; Tsubata and Reth, 1990; Melchers et al., 1993).
The Iga/Igb signal transduction module masks the hy-Summary
drophilic sites in the transmembrane domain of m heavy
chain and links the pre-BCR to the cytoplasmic signalApproximately 9% of in-frame m heavy chain tran-
transduction pathway (Reth, 1992). Cell surface expres-scripts found in normal human pro-B cells encode
sion of the pre-BCR results directly or indirectly in theproteins that can be expressed on the cell surface in
cessation of heavy chain gene rearrangement (allelicthe absence of surrogate or conventional light chains.
exclusion), enhanced light chain gene rearrangement,These unusual m heavy chains demonstrate preferen-
changes in cell surface phenotype, and a marked prolif-tial use of certain VH genes (VH3-23), frequent expres-
erative expansion of the pre-B cell population. Failuresion of DH regions in underrepresented reading
to produce a correctly rearranged m heavy chain resultsframes, and an increased number of positively charged
in cell death at the pro-B cell to pre-B cell transition.amino acids within the CDR3 region. Transcripts for
Generation of immunoglobulin diversity is an error-these proteins are not found in pre-B cells or in mature
prone process (Nemazee, 2000). Two-thirds of V to DJB cells. When expressed in Jurkat T cells with the
heavy chain gene rearrangements occur out of frame.Iga/Igb signal transduction module, these aberrant
There are also limits imposed by D to J region re-m heavy chains induce cell activation and apoptosis.
arrangements. Although D regions can theoretically beThese results suggest that some m heavy chains elicit
read in all three reading frames (RF), in both the humannegative selection at the pro-B cell to pre-B cell tran-
and the mouse, some reading frames encode prematuresition.
stop codons (Ichihara et al., 1989; Corbett et al., 1997).
In the mouse, RF2 usually allows the production of anIntroduction
aberrant truncated m heavy chain lacking the V gene-
encoded elements (Reth and Alt, 1984; Gu et al., 1991).The defining characteristic of the adaptive immune re-
These unusual proteins, which are referred to as a Dmsponse is the ability to generate a highly diverse set of
proteins, can be expressed on the cell surface as partantigen receptors. This diversity is achieved by a variety
of the pre-BCR, and they elicit allelic exclusion, but theyof mechanisms, but the most unusual is the combinato-
do not signal the normal pre-B cell expansion (Horne etrial assembly of V, (D), and J segments with addition
al., 1996; Tornberg et al., 1998). The D region promotersand deletion of nucleotides at the junctions of these
and translational start sites needed to produce Dm aresegments (Tonegawa, 1983; Gellert, 1997; Fugmann et
not found in human D region genes.al., 2000). This allows the creation of a highly variable
There are additional constraints that render someregion, the VH region in the immunoglobulin heavy chain,
heavy chain gene rearrangements ineffectual. Approxi-fused to a constant region associated with conserved
mately 50% of rearranged murine m heavy chains are
effector functions. Within the VH region, there are three
unable to bind to surrogate light chain (nonpairing) and
hypervariable segments which occur in loops that link
therefore cannot be expressed as part of pre-BCR (ten
the b strands forming the immunoglobulin domain (Alzari Boekel et al., 1998). For example, the murine V region
et al., 1988; Davies et al., 1990). These three regions, VH81X is highly expressed in the newly rearranged fetal
the complementarity determining regions (CDRs), are repertoire, but it is rarely seen in the mature repertoire
closely approximated to one another in the tertiary struc- because it binds light chain poorly (Lawler et al., 1987;
ture of the immunoglobulin domain. Together they form Keyna et al., 1995; Decker et al., 1995). Like out-of-frame
the heavy chain contribution to the antigen binding site. rearrangements, rearrangements that result in m chains
Both CDR1 and CDR2 are encoded by a V region gene that are unable to bind surrogate light chain lead to
segment, whereas the CDR3 region is composed of V, rearrangement of V to DJ segments on the second heavy
D, and J segments. Because of the addition and deletion chain allele. Therefore, some mature B cells contain two
of nucleotides at the junctions of gene segments, the in-frame rearranged m heavy chain genes, but only one
D region can often be read in any one of the three reading encodes protein that can bind light chain.
frames. Thus, the CDR3 region is the most variable por- Immunoglobulin heavy chain gene rearrangements
tion of the immunoglobulin heavy chain, and it plays a that encode autoantibodies might be considered an-
major role in defining antigen specificity (Xu and Davis, other type of error. In several transgenic models of B
2000). cell tolerance, both the heavy chain and the light chain
The correctly rearranged m heavy chain is first ex- are expressed in the affected animals, making it difficult
to interpret the effects of the heavy chain alone (Good-
now et al., 1988; Nemazee and Burki, 1989; Hartley et3 Correspondence: maryellen.conley@stjude.org
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al., 1991). However, Weigert and colleagues produced
a series of transgenic mice bearing m heavy chains that
when combined with almost any light chain have speci-
ficity for single- or double-strand DNA (Chen et al.,
1995a). Bone marrow from these m heavy chain trans-
genic mice have very few pro-B cells, presumably be-
cause the rearranged m transgene moves the cells
through this stage of development very rapidly. How-
ever, the transgenic mice have z50% of the normal
number of pre-B cells. These results suggest that m
heavy chains that have autoantibody activity do not in-
duce negative selection at the pro-B cell to pre-B cell
transition but instead require a conventional rearranged
light chain protein to elicit negative selection. In the
process of evaluating early stages of B cell differentia-
tion in patients with defects in B cell development, we
have identified an unusual group of human m heavy
chains that can be expressed on the cell surface in the
absence of surrogate or conventional light chains. These
aberrant m heavy chains induce negative selection at
the pro-B cell to pre-B cell transition.
Results
Light Chain Gene Rearrangement
in a l5-Deficient Patient
Several genetic defects in B cell development have more
severe consequences in the human compared to the
mouse (Minegishi et al., 1999b). A patient with mutations
in l5, a component of the surrogate light chain, had less
than 1% of the normal number of B cells in the peripheral
Figure 1. Early B Cell Development in Immunodeficient Patientscirculation, whereas mice that are null for l5 have 10%–
(A) Bone marrow cells from a control and from patients with the20% of the normal number of B cells at 4 months of
indicated gene defects were stained with PE-labeled CD19, PerCP-age (Kitamura et al., 1992; Minegishi et al., 1998). The
labeled anti-CD34, and FITC-labeled anti-human light chain antibod-
leakiness of the mouse model has been attributed to B ies, and an equal number of CD191 cells were collected from each
cell precursors in which conventional light chain genes individual. CD191 cells were analyzed for expression of CD34 and
surface immunoglobulin.rearrange prior to heavy chain genes (Kitamura et al.,
(B) Semiquantitative RT-PCR analysis was used to evaluate early B1992; Papavasiliou et al., 1996; Pelanda et al., 1996).
cell transcripts in bone marrow-derived cDNA samples. Primers forThis would circumvent the requirements for the surro-
GAPDH were used to document equal cDNA in each sample. Onegate light chain in the pre-B cell receptor. To determine
of the control cDNA samples was analyzed at 10-fold dilutions to
if the failure in B cell development in the l5-deficient document the sensitivity of the assay.
patient was due to an absence of light chain gene re-
arrangement at early stages of differentiation, we used
RT-PCR to examine B lineage-specific transcripts in the with the number of pre-B cells, as detected by immuno-
fluorescence staining, and in all cases was less thanbone marrow of normal controls, a patient with a defect
in Btk, the l5-deficient patient, and a patient with de- 10% of the control. By contrast, the l5-deficient patient
had significantly more rearranged k light chain tran-fects in m heavy chain (Conley et al., 1998; Yel et al.,
1996; Minegishi et al., 1998). scripts than the Btk-deficient patient (Figure 1B).
By immunofluorescence staining, all of the patients
had normal numbers of pro-B cells as defined by the Identification of Light Chain-Independent
m Heavy Chainsratio of CD191CD341 pro-B cells to CD341CD192 stem
cells. However, the Btk-deficient (X-linked agamma- The enhanced rearrangement of k light chain genes in
the l5-deficient compared to the Btk-deficient patientglobulinemia) patient had a marked decrease in the num-
ber of pre-B cells (CD191CD342sIg2 cells) and B cells suggested that there might be some signaling through
an aberrant pre-BCR that lacked l5. This defective pre-(CD191CD342sIg1) in the bone marrow (Figure 1A). The
l5-deficient patient had even fewer pre-B cells, and the BCR, composed of m heavy chain and the Iga/Igb het-
erodimer, might be able to transduce a signal that en-patient with defects in m heavy chain had the most se-
vere block at the pro-B cell to pre-B cell transition. By hanced light chain rearrangement, but the signal might
be insufficient to induce the complete pro-B to pre-BRT-PCR analysis, bone marrow samples from all three
patients demonstrated normal to increased amounts of cell transition. To explore this possibility, we developed
an assay that would permit the detection of m heavytranscripts specific to early B cell development, includ-
ing TdT, RAG1, and IL-7Ra (Figure 1B). The amounts of chains that could exit the endoplasmic reticulum (ER)
without a surrogate or conventional light chain. The se-rearranged m heavy chain transcripts correlated closely
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cretory form of human m heavy chain from the Daudi B Preliminary experiments indicated that 10% secretion
by ELISA corresponded to the level of detection by im-cell line (a cell line with characteristics of a mature, post-
germinal center B cell [Klein et al., 1998]), was cloned munoprecipitation. At least 10% of the m was secreted
into the culture supernatant (Figure 2B) by 3 of 14 addi-into an expression vector. To allow secretion of mono-
meric rather than polymeric m heavy chain, the penulti- tional clones from the l5-deficient patient, 1 of 20 clones
from one Btk-deficient patient, 1 of 23 clones from an-mate cysteine, the amino acid residue that is required
for the assembly of IgM polymers (Sitia et al., 1990), was other Btk-deficient patient, 1 of 22 clones from the m
heavy chain-deficient patient, and 2 of 29 clones frommutated to alanine.
The rearranged VDJ regions of m heavy chain tran- the Iga-deficient patient. Because these patients have
pro-B cells but very few pre-B cells or mature B cells,scripts from the bone marrow of the l5-deficient patient
were amplified by RT-PCR using a sense primer that we considered the possibility that these unusual light
chain-independent m heavy chains were found only inhybridizes to a conserved sequence in the 59 untrans-
lated region and leader sequence of the most common pro-B cells but not at later stages of differentiation.
The occurrence of light chain-independent m heavyhuman VH family, VH3. To facilitate cloning, a KpnI site
was added to the 59 end of the primer. An antisense chains in normal B cell development was evaluated by
sorting bone marrow samples from healthy controls intoprimer was chosen to hybridize to an endogenous EcoRI
site within the CH1 of m heavy chain. Both the PCR pro-B cells (CD191CD341sIg2), pre-B cells (CD191
CD342sIg2), and mature B cells (CD191CD342sIg1). To-products and the m expression vector were digested
with KpnI and EcoRI, and the PCR products were cloned tal RNA was extracted from z105 cells from each cell
population, and RT-PCR was used to amplify the re-into an expression vector. Bacteria were then trans-
formed with m heavy chain vectors, and individual clones arranged VH3 regions. The PCR products were cloned
into the m expression vector, and individual clones werewere isolated.
A series of 19 m heavy chain vectors expressing VH transfected into COS7 cells. Secretion of at least 10%
of the total m heavy chain was considered significant.regions from the bone marrow of the l5-deficient patient
and a control vector expressing the Daudi m heavy chain As shown in Figure 2B, 7 of 79 clones (9.1%) of the m
heavy chains from the pro-B cells from three controlswere transfected into subconfluent COS7. After 40 hr in
culture, the cells were labeled with 35S cysteine/methio- could be secreted into the culture supernatant, but these
aberrant m heavy chains were not found in pre-B cellsnine for 3 hr. Supernatants and cell lysates were then
harvested and immunoprecipitated using a polyclonal or mature B cells (0 of 92) from either of two controls.
It was unclear whether these unusual m heavy chains,goat anti-human IgM antibody bound to sepharose 4B
beads. As shown in Figure 2A, the lysates from the cells which could be transported independently of surrogate
or conventional light chains, could in fact bind lightexpressing the patient m heavy chain vectors and the
cells expressing the Daudi control vector contained ap- chains. Therefore, parallel cultures of COS7 cells were
transfected with a light chain-dependent or -indepen-proximately equal amounts of m heavy chain. Three of
the m heavy chains from the bone marrow of the l5- dent m heavy chain vector alone or with a m heavy chain
vector plus vectors expressing l5 and VpreB, k, or l.deficient patient were secreted into the culture superna-
tant in the absence of conventional or surrogate light Cells were pulsed with [35S]cysteine/methionine, and cell
lysates were immunoprecipitated with anti-IgM. Aschains. Digestion of m heavy chain from the cell superna-
tants and lysates with endo H demonstrated that most shown in Figure 2C, the control light chain-dependent
m heavy chain (N1pro-10) as well as the three m heavyof the protein in the lysates was endo H sensitive,
whereas the m heavy chain in the cell supernatant was chain proteins that were secreted most efficiently in the
absence of light chain (see Table 1) were equally ableendo H resistant, indicating that the protein found in the
supernatant was not released into the culture superna- to coprecipitate surrogate light chain and both k and l
light chains. In a preliminary experiment to determine iftant as a result of cell death or damage (data not shown).
Because deletions within the variable region or the the light chain-independent m heavy chains were se-
creted more efficiently when expressed with surrogateCH1 domain allow cell surface expression of m in the
absence of surrogate or conventional light chains, it is light chain, cell supernatants and lysates were harvested
from labeled cells after a short 1 hr pulse with [35S]cys-important to note that all three of the secreted m heavy
chains from the l5-deficient patient were of the same teine/methionine. The results suggested that addition
of the surrogate light chain vectors facilitated secretionmolecular weight as the Daudi m heavy chain, making it
unlikely that these light chain-independent clones were (Figure 2D). The ELISA assay was then used to evaluate
secretion of all 18 light chain-independent m heavyexpressing m heavy chains with large internal deletions.
To determine if these unusual light chain-independent chains expressed with or without surrogate light chain.
All were secreted into the supernatant more efficientlym heavy chains were found only in the l5-deficient pa-
tient, m heavy chain transcripts from the bone marrow when expressed with surrogate light chain. Thus, al-
though we have referred to these aberrant m heavyof patients with defects in Btk, m heavy chain (an amino
acid substitution in the invariant cysteine required for chains as light chain independent, in normal B cell devel-
opment, they may be expressed in concert with surro-the intradomain disulfide bridge of CH4), or Iga were
analyzed in a similar manner. To facilitate analysis, the gate light chain.
ten Boekel et al. have described m heavy chains thatamount of m heavy chain in the supernatants and cell
lysates from each clone was measured by ELISA. The are unable to bind surrogate or conventional light chains
and are therefore unable to induce allelic exclusion (tenpercentage of m heavy chain that was secreted was
calculated by dividing the amount of secreted m by the Boekel et al., 1998). Similar m heavy chains were seen
in our series of clones. In the m heavy chains derivedamount of m in the cell lysate and multiplying by 100.
Immunity
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Figure 2. Identification of Light Chain-Independent m Heavy Chains
(A) COS7 cells were transfected with expression vectors containing the secretory form of m heavy chain genes derived from the bone marrow
of a patient with l5 deficiency (lanes 1–7) or from the Daudi cell line (lane 8). Cell lysates and supernatants were immunoprecipitated with
anti-IgM and analyzed by gel electrophoresis. The light chain-independent clone L1-3 is shown in lane 1 in this representative experiment.
(B) The percent m secreted by individual clones from patients with l5 deficiency, Btk deficiency, m heavy chain deficiency, or Iga deficiency
or from sorted populations of pro-B cells from three healthy controls or from pre-B cells or B cells from two healthy controls is indicated.
The number of clones analyzed from each source is indicated at the top of each column.
(C) COS7 cells were transfected with expression vectors for a control light chain-dependent m heavy chain (N1pro-10) or one of three light
chain-independent clones (L1-3, L1-24, or B1-5) alone (lane 1), with vectors for l5 and VpreB (lane 2), or with vectors for k (lane 3) or l
(lane 4).
(D) Labeled cell lysates and supernatants from COS7 cells containing vectors for a light chain-independent m heavy chain clone L1-3 (lanes
1 and 2) or light chain-dependent clone L1-17 (lanes 3 and 4) either with (lane 2 and 4) or without (lanes 1 and 3) vectors expressing the genes
for the surrogate light chain proteins l5 and VpreB were immunoprecipitated with anti-IgM and analyzed by gel electrophoresis.
from the sorted cell populations from one of the controls, members of the VH3 family were represented; however,
12 of 18 clones expressed VH3-23. VH3-23 is highly6 of 24 pro-B cell m heavy chains, 3 of 22 pre-B cell m
heavy chains, and 3 of 21 mature B cell m heavy chains represented in the normal fetal and adult B repertoire,
constituting 24% of fetal B cell repertoire and 10% ofdid not bind to light chains in the cell lysates from COS7
cells transfected with both heavy and light chain expres- adult B cell repertoire (Stewart and Schwartz, 1994; De-
maison et al., 1995; Milili et al., 1996; Brezinschek et al.,sion vectors. However, these m heavy chains were not
secreted when transfected either with or without light 1997).
In 14 of 18 clones, D segment sequences with at leastchain expression vectors.
ten base pairs homologous to a germline DH region
could be identified. Four DH regions appeared twice;Characterization of Light Chain-Independent
m Heavy Chains one of these was seen in two different reading frames.
Although all human DH sequences can be read in moreWe identified a total of 18 m heavy chain clones in the
VH3 family that can be secreted from COS7 cells in the than one reading frame, analysis of immunoglobulin
gene sequences indicates that most DH regions demon-absence of light chains. Sequence analysis of these
clones, which were derived from eight individuals, dem- strate a preferential reading frame (Yamada et al., 1991;
Corbett et al., 1997). An underrepresented DH readingonstrated that each clone was unique and that all had
VH regions and CDR3 regions of a normal length (Table frame was used by 8 of 14 light chain-independent
clones that could be assigned to a particular D region.1). Variations from germline sequence were rare, oc-
curring with a frequency of 1/1000 to 1/2000 base pairs, All JH family members except for the most uncommon
JH (JH1) were seen. Extensive loss of sequence at thewhich would be consistent with changes induced by
Taq error rather than somatic mutation. Six different 59 end of the JH region in clone N2pro-30 made it impos-
Negative Selection at the Pre-BCR Checkpoint
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Table 1. Characterization of Light Chain-Independent m Heavy Chains
Source Clone VH DH (Lengtha, RF) CDR3b (1/2) Chargedc JH Percent Secretion
LC-independent
l-deficient L1-3 3-23 D5-24 (13, RF2) CAKDRAPRKRWLQYGIRGYFDYW (6/2) 4 60
L1-24 3-23 — CAKGPRSVLIRGLGRNWFDPW (4/1) 5 120
L1-36 3-23 D3-22 (26, RF2) CAKDENYYDSSGYYYVRTFGYW (2/3) 4 11
L1-6 3-23 D3-22 (20, RF3) CAKDPILKIVVVITSCRVGTTW (3/1) 5 35
L1-16 3-23 — CARPRWGLSQEHFDLW (3/1) 2 15
L1-37 3-23 D5-5 (20, RF2) CAKGPSTWIQLWLRRFDPW (3/1) 5 20
XLA1 B1-5 3-33 D2-2 (15, RF2) CARGRRRRWCSSTSCDGMDVW (5/2) 6 50
XLA2 B2-8 3-23 — CAKDLLVPIRRWWGYDAFDIW (3/3) 3 10
m-deficient M1-24 3-15 D1-7 (12, RF2) CTTRKLELLVGLPGTFDIW (2/1) 3 11
Iga-deficient A1-7 3-7 D3-10 (22, RF3) CARALMGPPPITMVRGVRAFGNWFDPW (3/1) 5 15
A1-15 3-30 — CARDSWRRGGGSDYW (3/2) 4 10
Control 1 N1pro-8 3-23 D2-2 (27, RF2) CAKDPQRYCSSTSCYIRPGYYYGMDVW (3/2) 6 13
N1pro-17 3-23 D6-13 (15, RF2) CASVQKPRQIAAAGSKSDYW (3/1) 4 11
Control 2 N2pro-7 3-30 D3-16 (29, RF2) CARGRPDYVWGSYRYTPWFDPW (3/2) 5 15
N2pro-30 3-23 D6-19 (19, RF2) CAKSVPTNRIAVAGTDRFSVPRGPIW (4/1) ? 12
N2pro-49 3-53 D5-24 (11, RF2) CAKGFSRWLPDYW (2/1) 4 10
Control 3 N3pro-1 3-23 D3-10 (15, RF3) CAKDTMVRGARGMDVW (3/2) 6 10
N3pro-71 3-23 D6-6 (11, RF2) CARDKRAARHRDAFDIW (6/3) 3 20
LC-dependent
Control 1 N1pro-10 3-23 D3-22 (10, RF2) CAKACGYYYVSAYYYYGMDVW (1/1) 6 ,1
l5-deficient L1-17 3-23 D2-8 (20, RF3) CAKGTIVLMVYAPFDYW (1/1) 4 3
a The length of D segment homologous to germline D region (bp).
b The amino acids endcoded by V, D, J segments are underlined.
c The numbers of positively and negatively charged amino acids in the CDR3 are shown.
sible to identify the origin of the JH region for this clone. 9 of the 48 pre-B cell clones, and 9 of the 44 B cell clones.
This suggests that an increased number of positivelyThe distribution of JH family members in the aberrant m
heavy chains was similar to that of the normal repertoire, charged amino acids in the CDR3 region is not sufficient
to confer the light chain-independent phenotype.except for the possible underrepresentation of JH4 in
the aberrant m heavy chains. In the normal repertoire, To determine if the unusual light chain-independent
m heavy chains were limited to the VH3 family, we usedJH4 is used in z50% of in-frame and out-of-frame re-
arrangements (Demaison et al., 1995; Brezinschek et al., a VH4-specific primer to analyze the bone marrow of
the l5-deficient patient. The results demonstrated that1997), whereas, in the aberrant m heavy chains, JH4 was
seen in 30% (5 of 17) of the clones. The CDR3 regions two of the eight clones with a germline VH4 sequence
demonstrated the light chain-independent phenotype.were similar in length (13–27 amino acids) to those seen
in the light chain-dependent m heavy chains in the nor- One clone, derived from the VH4-39 family, showed 85%
secretion and had seven arginines in the CDR3 region.mal control pro-B cells (11–29 amino acids in 25 clones),
pre-B cells (13–29 amino acids in 25 clones), and mature The other, from the VH4-31 family, showed 35% secre-
tion and contained five arginines and a lysine. TheseB cells (11–28 amino acids in 20 clones). Because VH3-
23 is highly expressed in the normal repertoire as well findings indicate that other VH families can exhibit the
light chain-independent phenotype, and it suggests aas in the group of aberrant m heavy chains included in
this study, we assume that the CDR3 plays a major role strong association of this phenotype with a positively
charged CDR3 region.in dictating the light chain-independent phenotype.
Within the CDR3 regions of the aberrant m heavy
chains, there was a statistically significant (p , 0.001) Expression of the Aberrant m Heavy Chains
in Jurkat Cellsenrichment for positively charged amino acids, particu-
larly arginine and lysine. In the 18 light chain-indepen- The absence of the light chain-independent m heavy
chains in pre-B cells and mature B cells suggested thatdent m heavy chains, there was a mean of 3.25 6 1.06
positively charged amino acids and 1.56 6 0.73 nega- there was negative selection against B cell precursors
expressing these proteins. This hypothesis was testedtively charged amino acids in the CDR3 region. By con-
trast, the mean number of positively charged amino by expressing the components of a BCR in a Jurkat T
cell line (Costa et al., 1992). A T cell line rather than aacids in the CDR3 regions of the m heavy chains from
the normal pro-B cells (1.29 6 1.12), pre-B cells (1.50 6 B cell line was used for these experiments to avoid the
interference of endogenous heavy chains or surrogate1.00), and mature B cells (1.95 6 1.04) was approxi-
mately equal to the number of negatively charged amino or conventional light chains. Because of concerns that
the aberrant m heavy chains might be toxic, an inducibleacids. However, it should be noted that not all of the
aberrant m heavy chains had an unusual number of culture system was used. Jurkat cells that constitutively
express a tetracycline transactivator (tTA) linked to acharged amino acids (see clones L1-36, M1-24, and
N2pro-49). Further, three or more positively charged neomycin resistance gene (Gossen and Bujard, 1992)
were transfected with two expression vectors. One ex-amino acids were found in the CDR3 regions of 11 of
the 51 normal light chain-dependent pro-B cell clones, pression vector contained the gene for Iga driven by the
Immunity
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Figure 3. Inducible Expression of Light Chain-Independent and Light Chain-Dependent m Heavy Chain in Jurkat Cells
(A) Tetracycline-responsive expression vectors for Iga, Igb, and either a light chain-independent m heavy chain (L1-3) or a light chain-dependent
m heavy chain (L1-17) were stably transfected into Jurkat cells. Cell lysates from cultures grown with (1) or without (2) tetracycline were
immunoblotted with the antibodies indicated.
(B) The L1-3 and L1-17 Jurkat cell lines shown in (A) were cultured with or without tetracycline and were then analyzed by FACS for expression
of surface IgM, immunoglobulin light chains, or CD69. The isotype controls are shown in the top panel, and, in the three bottom panels, the
cells grown without tetracycline are indicated with the bold line, and the cells with tetracycline are shown as the fainter line.
(C) The L1-3 cell line was cultured with (TC1) or without (TC2) tetracycline and analyzed by FACS for expression of IgM and CD69.
(D) The L1-3 and L1-17 Jurkat cell lines were cultured with or without tetracycline for 24 hr, and the stimuli indicated were added to the
cultures. The concentrations of IL-2 in the supernatants were measured 24 hr after the addition of stimuli.
tetracycline response elements (TRE) and a hygromycin m heavy chain, Iga, and Igb when cultured in the absence
of tetracycline and were chosen for further study (Figureresistance gene under the control of herpes virus thymi-
dine kinase (TK) promoter. The second expression vec- 3A). Later studies showed that all clones bearing the
same VH behaved identically.tor carried the genes for Igb and the membrane form of
either a normal control m heavy chain (clone L1-17) or As shown in Figure 3B, z50% of the cells containing
the light chain-independent m heavy chain expressed man aberrant m heavy chain (clone L1-3). These two m
heavy chains are identical except for their CDR3 regions. on the cell surface when cultured in the absence of
tetracycline. A smaller but reproducible percentageBoth the Igb and the m heavy chain were downstream
of a TRE. In this system, in the absence of tetracycline, (15%) of cells containing the control m heavy chain also
expressed m on the cell surface. This may reflect thethe tTA binds to the TRE and induces efficient tran-
scription. imprecise control of cell surface expression of receptors
when synthesized in cell lineages other than their ownThe transfected cells were cultured at limiting dilution
in the presence of tetracycline, neomycin, and hygro- or the effects of forced expression of high concentra-
tions of protein. As expected, neither of the cell linesmycin. Five clones from the light chain-independent m
heavy chain (L1-3) and two clones from the light chain- were positive for conventional light chain. In the absence
of any cell stimulation, a significant proportion of thedependent m (L1-17) expressed equivalent amounts of
Negative Selection at the Pre-BCR Checkpoint
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Figure 4. Induction of Apoptosis by Light Chain-Independent m Heavy Chain
The L1-3 (light chain-independent) and L1-17 (light chain-dependent) Jurkat cell lines were cultured with (TC1) or without (TC2) tetracycline
for 7 days and then stained with propidium iodide (PI) and FITC-labeled annexin V. (A) The number of propidium iodide-positive cells increased
by 8-fold in the light chain-independent cultures treated without tetracycline. (B) The propidium iodide-negative cells shown in the gated
region in Figure 4A were analyzed for annexin V staining. Cells grown without tetracycline are indicated by the bold line, and the cells with
tetracycline are indicated by the fainter line.
cells containing the aberrant m heavy chain vector was to the cultures resulted in a greater than 10-fold increase
in IL-2 secretion in the light chain-independent Jurkatpositive for the activation marker CD69. This was not
seen in the cells containing the control m heavy chain. cells compared to the light chain-dependent cultures.
Both Jurkat cell lines produced an equivalent amountTwo-color immunofluorescence showed that CD69 was
expressed only on the cells that were positive for m of IL-2 when cultured with PMA and calcium ionophore,
both in the presence and absence of tetracycline. Cal-heavy chain. (Figure 3C).
Analysis of IL-2 secretion in the Jurkat cell lines also cium ionophore alone did not increase the production
of IL-2 in any of the cultures.indicated that the aberrant m heavy chain induced spon-
taneous cell activation. Twenty-four hours after the re- We noted an increase in the number of dead cells in
cultures expressing the aberrant m heavy chain. Sevenmoval of tetracycline, the cells expressing the light
chain-independent m heavy chain secreted IL-2 in the days after tetracycline was washed out of the light chain-
independent and light chain-dependent cultures, theabsence of further stimulation. Addition of phorbol ester
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plete, so that the pre-BCR can be moved through the
ER and onto the cell surface immediately after an intact
m heavy chain is produced (Lassoued et al., 1996). To
ensure that the normal m heavy chain is expressed with
the surrogate light chain, it is retained in the ER in a
partially folded state by the chaperone BiP (Haas and
Wabl, 1983). BiP binds to the unfolded CH1 domain of
the heavy chain and retains it in the unfolded conforma-
tion until surrogate or conventional light chain displaces
BiP and allows folding of the heavy chain to proceed to
completion. Heavy chains that lack the CH1 domain,
which are sometimes seen as myeloma proteins, are
able to exit the ER without light chains (Hendershot et
al., 1987; Hendershot, 1990; Sitia et al., 1990; Lee et al.,
1999). Of interest, VH deletions can also permit secretion
Figure 5. Model for Negative Selection at the Pro-B Cell to Pre-B
or cell surface expression of m heavy chains in the ab-Cell Transition
sence of light chains (Franklin et al., 1976; Bakhshi etHeavy chains produced by in-frame V to DJ rearrangements elicit
al., 1986; Pollok et al., 1987), indicating that the VHone of three responses. Some m heavy chains are unable to bind
domain can help inhibit the folding of the CH1 domain.surrogate light chains. These proteins cannot be expressed on the
cell surface and are perceived like out-of-frame rearrangements, Our data suggest that the CDR3 region plays a major
allowing rearrangement of the second allele. Functional m heavy role in this inhibition. Further, the results indicate that
chains bind surrogate light chain and support the pro-B cell to pre- the requirement for light chains to complete folding of
B cell transition. Approximately 10% of VDJ rearrangements encode the m heavy chain is a selected property of immunoglob-
proteins that can be expressed on the cell surface in the absence
ulin heavy chains rather than an intrinsic property of allof surrogate light chains. These m heavy chains elicit negative se-
VDJ recombinations.lection.
Sequence analysis of the variable regions of the light
chain-independent m heavy chains revealed three strik-
ing features. First, the VH family member VH3-23 wascells were incubated with propidium iodide and annexin
overrepresented, occurring in 12 of 18 VH3 clones. ThisV, a marker of apoptosis. FACS analysis demonstrated
VH family member is very common in the normal fetalan 8-fold increase in the number of propidium iodide-
and adult repertoire; it constitutes about 30% of all VH3positive cells in the light chain-independent cultures
rearrangements (Schroeder et al., 1987; Schroeder and(Figure 4A). When gating on the propidium iodide-nega-
Wang, 1990; Raaphorst et al., 1992; Braun et al., 1992;tive cells, the light chain-independent but not the light
Stewart and Schwartz, 1994; Brezinschek et al., 1997).chain-dependent cells were positive for annexin V (Fig-
This suggests that the VH3-23-encoded V region mayure 4B).
facilitate the light chain-independent phenotype but thatTo determine whether spontaneous cell activation and
it is insufficient to elicit this phenotype alone. Second,induction of cell death was a property conferred only
the CDR3 regions of the light chain-independent m heavyby the aberrant m heavy chain L1-3 or whether it was a
chains contained a significantly higher proportion of ba-characteristic shared by other light chain-independent
sic amino acids than light chain-dependent m heavym heavy chains, a second set of stable transfectants
chains. These basic amino acids were largely encodedwas made using the aberrant m heavy chain L1-24 and
by nucleotides composed of N additions rather thanthe control heavy chain N1pro-10. The results were iden-
germline sequence. Finally, 8 of the 18 light chain-inde-tical to those described above.
pendent m heavy chains used underrepresented D re-
gion reading frames. In a BLAST search against the
Discussion Genbank database, only 1 of 50 proteins using D3-22
contained this gene segment in RF3, and only 3 of 30
The results in this paper indicate that there are some proteins using D5-5 (all of the sequences available) con-
VDJ rearrangements that cannot support the pro-B cell tained this gene segment in RF2. These particular read-
to pre-B cell transition, although they encode intact, ing frames cannot encode Dm proteins because they do
in-frame proteins that are able to bind surrogate light not have ATG start codons in the appropriate 59 region.
chains. Our data show that z9% of human VDJ re- Our observations suggest that the underrepresentation
arrangements encode proteins that can be secreted or of some D reading frames in the human might be ex-
expressed on the cell surface, without surrogate or con- plained by the tendency of these reading frames to en-
ventional light chains. These unusual m heavy chains code light chain-independent m heavy chains.
induce negative selection at the pro-B to pre-B cell tran- Although we have referred to the aberrant m heavy
sition (Figure 5). This suggests a previously unrecog- chains as light chain independent, it is not clear whether
nized quality control mechanism that influences anti- these proteins function in a light chain-independent
body repertoire and expression of the pre-BCR. manner in vivo. Nor is it certain that expression of these
Cell surface expression of the pre-BCR is tightly con- proteins without light chain is the property that results
trolled (Rajewsky, 1996; Karasuyama et al., 1996). The in their removal. Our experiments evaluating secretion
components of the surrogate light chain, l5 and VpreB, of normal and aberrant m heavy chains with or without
and the signal transduction module Iga/Igb are synthe- surrogate light chain indicate that the aberrant m heavy
chain and surrogate light chain may be transported fromsized and assembled before VDJ recombination is com-
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and 59-GTCAACACCACCAATCTG-39 and 59-GGATAAATTCACATthe ER more efficiently than the normal m heavy chain-
GCGTC-39, respectively.light chain pair. This suggests the possibility that the
aberrant m heavy chains allow abnormally high cell sur-
Secretory-Form m Heavy Chain Expression Vector Construction
face expression of the pre-BCR. This could have delete- The secretory form of human m heavy chain was obtained by RT-PCR
rious consequences for B cell development. Alterna- using cDNA from the Daudi B cell line. After sequence verification,
tively, the unusual m heavy chains may spontaneously this PCR product was cloned into pcDNA3 expression vector (In-
vitrogen). The rearranged VDJ regions of m heavy chain transcriptsaggregate or bind autoantigens when expressed with
from the bone marrow of the l5-deficient patient were amplified byor without surrogate light chains. It is worth noting that
RT-PCR using primer pairs that hybridize to the Kozak and leaderanti-DNA antibodies, like the light chain-independent m
sequence of the most common human VH family VH3. To facilitate
heavy chains, tend to have an increased proportion of cloning, a KpnI site was added to the 59 end of the primer:
positively charged amino acids in the CDRs (Shlomchik 59-GGGGTACCATGGAGTTTGGGCTGAG-39 (KpnI site is under-
et al., 1990). lined). An antisense primer was chosen to hybridize to an endoge-
nous EcoRI site within the CH1 domain of m heavy chain: 59-GGAATThe mechanisms by which the aberrant m heavy
TCTCACAGGAACGAG-39 (EcoRI site is underlined). A sense primerchains were removed are not clear. Inducible expression
of VH4 family was also described previously (Minegishi et al., 1999a).of these proteins in Jurkat cells in the company of the
Both the PCR products and the m expression vector were digested
Iga/Igb signal transduction complex resulted in cell acti- with KpnI and EcoRI, and the PCR products were cloned into the
vation and apoptosis. A similar mechanism might ex- expression vector. The m heavy chain vectors were then transformed
plain the absence of the light chain-independent m heavy into INVaF9-competent cells, and individual clones were isolated
and sequenced. The expression constructs for human VpreB andchains in pre-B cells and later stages of B cell differentia-
l5 were described previously (Minegishi et al., 1998).tion. However, we cannot exclude the possibility that
the pro-B cells expressing the aberrant m heavy chains
Transfection of COS7 Cells and Immunoprecipitationundergo receptor replacement (Reth et al., 1986; Kleinfield
The m heavy chain expression vectors were transfected into subcon-
et al., 1986; Chen et al., 1995b; Wilson et al., 2000). Use fluent layers of COS7 cells using Lipofectamine (GIBCO-BRL) (Mi-
of cryptic heptamer sequences might allow upstream negishi et al., 1998). After 40 hr, the cells were labeled with [35S]cys-
VH regions to replace a VH sequence that facilitated the teine/methionine for 1 to 3 hr. Supernatants and cell lysates were
immunoprecipitated with goat anti-human IgM (Southern Biotech-light chain-independent phenotype.
nology) conjugated sepharose 4B beads. Proteins were separatedThere are several possible explanations of why these
by 10% SDS-PAGE and visualized by fluorography.aberrant m heavy chains have escaped previous notice.
Anti-m immunoprecipitates were eluted with 20 ml of 0.5% SDS/
Although the repertoire of immunoglobulin gene re- 0.5 M 2-mercaptoethanol at 908C. The eluates were split into two
arrangements in early B cell precursors has been evalu- aliquots, one of which was digested with endo H (New England
ated many times, it is unusual to examine the functional Biolabs) according to the instructions of the manufacturer. The sam-
ples were analyzed by 7.5% SDS-PAGE and fluorography.consequences of particular VDJ rearrangements. By se-
quence analysis, the aberrant m heavy chains appear to
ELISAbe completely normal, and they would not elicit unusual
The concentration of m heavy chain protein in supernatant and cellattention. It is also possible that these light chain-inde-
lysates from transfected COS7 cells was measured by sandwich
pendent m heavy chains are produced more commonly ELISA as described previously (Rohrer and Conley, 1999), using
or exclusively in the human compared to the mouse. goat anti-human IgM antibody and alkaline phosphatase-conju-
gated goat anti-human IgM antibody (Southern Biotechnology) asThe CDR3 region tends to be longer in the human than
a primary and a secondary antibody, respectively.in the mouse, providing a greater opportunity for the
IL-2 concentration of Jurkat supernatants was measured by Quan-addition of basic amino acids within this region. The
tikine IL-2 ELISA kit (R&D systems). For stimulation, final concentra-fact that the human D regions can be read in all three
tions of 10 ng/ml of PMA and 100 ng/ml of ionomycin (Sigma) were
reading frames may permit greater diversity in this re- added.
gion, but this diversity may be obtained at the cost of
a higher percentage of aberrant m heavy chains that fold Sorting of Bone Marrow Cells
Cells were isolated by fluorescence-activated cell sorting using atoo readily. A better understanding of how the aberrant
FACStar plus (Becton Dickinson). Bone marrow cells were sortedm heavy chains elicit negative selection at the pro-B to
using antibodies CyChrome-CD19 (B43, PharMingen), FITC-goatpre-B cell transition should help clarify the requirements
anti-k and anti-l (Southern Biotechnology), and PE-CD34 (581; Phar-
for normal early B cell differentiation. Mingen). Sorted cells (1 3 105) of each population were obtained,
and the purity of each population was greater than 98%.
Experimental Procedures
Plasmid Construction
The membrane form of human m heavy chain, Iga, and Igb werePatients
obtained from the Daudi B cell line by RT-PCR, and, after sequenceThe patients with l5 deficiency, Iga deficiency, m heavy chain defi-
confirmation, Iga was cloned into pTRE inducible expression vector,ciency, and Btk deficiency have been previously described (Mine-
and the membrane-form m and Igb were cloned into bidirectionallygishi et al., 1998, 1999a; Yel et al., 1996; Conley et al., 1998).
inducible pBI expression vector (Clontech). Both vectors contain
tetracycline-responsive promoter sequences. To facilitate antibiot-
ics selection, the NruI and HindIII digested fragment of pTK-HygFlow Cytometric Analysis and RT-PCR
(Clontech), which contains HSV TK promoter and hygromycin resis-Bone marrow cells were stained previously as described (Minegishi
tance gene, was inserted into pTRE-Iga by using NaeI and HindIIIet al., 1999b). Annexin V staining was performed using FITC-annexin
restriction sites.V (PharMingen) according to the manufacturer’s protocol. Semi-
quantitative RT-PCR analysis and PCR primers for GAPDH, TdT,
RAG1, and VDJm were as previously described (Minegishi et al., Establishment of Inducible Jurkat Cell Line
The Tet-off Jurkat T cell line, stably expressing the tetracycline-1999a). Primers for VkCk and IL-7Ra were 59-ATGACCCAGTCTC
CATCCTCCCTG-39 and 59-CCGCGGGAAGATGAAGACAGATG-39, controlled transactivator (Clontech), was maintained in 100 mg/ml
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G418 containing RPMI 1640. Two linearized DNA constructs, 2 mg Costa, T.E., Franke, R.R., Sanchez, M., Misulovin, Z., and Nussen-
zweig, M.C. (1992). Functional reconstitution of an immunoglobulinof pTRE-Iga-pTK-Hyg, and 40 mg of pBI-mHC-Igb were transfected
into 4 3 106 of Tet-Off Jurkat cells by electroporation, utilizing the antigen receptor in T cells. J. Exp. Med. 175, 1669–1676.
Gene Pulser II apparatus (Bio-Rad; 0.4 cm cuvette, 260 V, and 950 Davies, D.R., Padlan, E.A., and Sheriff, S. (1990). Antibody-antigen
mF). After 40 hr of unselected growth, stable transfectants were complexes. Annu. Rev. Biochem. 59, 439–473.
selected by resistance to 200 mg/ml hygromycin B and 100 mg/ml
Decker, D.J., Kline, G.H., Hayden, T.A., Zaharevitz, S.N., and Klin-
G418 in the presence of 2 mg/ml tetracycline. Transfectants were
man, N.R. (1995). Heavy chain V gene-specific elimination of B cells
screened for inducible expression of m heavy chain, Iga, and Igb
during the pre-B cell to B cell transition. J. Immunol. 154, 4924–4935.
by immunoblot analysis.
Demaison, C., David, D., Letourneur, F., Theze, J., Saragosti, S., and
Zouali, M. (1995). Analysis of human VH repertoire expression inImmunoblot
peripheral CD191 B cells. Immunogenet. 42, 342–352.Jurkat cells (5 3 106) were resuspended in lysis buffer and incubated
at 48C for 15 min. Lysates were centrifuged at 14,000 3 g at 48C Franklin, E.C., Frangione, B., and Prelli, F. (1976). The defect in m
for 15 min, and supernatants were assayed for protein content. heavy chain disease protein GLI. J. Immunol. 116, 1194–1195.
Equivalent amounts of protein were heated at 958C for 5 min and Fugmann, S.D., Lee, A.I., Shockett, P.E., Villey, I.J., and Shatz, D.G.
subjected to SDS-PAGE on a 10% acrylamide gel. After protein (2000). The RAG proteins and V(D)J recombination: complexes,
transfer onto nitrocellulose membranes by electroblotting, mem- ends, and transposition. Annu. Rev. Immunol. 18, 495–527.
branes were blocked with 5% nonfat dry milk in PBS containing
Gellert, M. (1997). Recent advances in understanding V(D)J recombi-0.05% Tween 20 overnight at 48C, washed with PBS/Tween, and
nation. Adv. Immunol. 64, 39–64.incubated in PBS/Tween containing 3% nonfat dry milk and primary
Goodnow, C.C., Crosbie, J., Adelstein, S., Lavoie, T.B., Smith, G.S.,antibodies against human m heavy chain (SA-DA4; Southern Bio-
Brink, R.A., Pritchard, B.H., Wotherspoon, J.S., Loblay, R.H., Ra-technology), Iga (HM57; DAKO), Igb (SN8; Ancell) and CD2 (UMCD2;
phael, K., et al. (1988). Altered immunoglobulin expression and func-Ancell). After six washes for 5 min each in PBS/Tween, the blots
tional silencing of self-reactive B lymphocytes in transgenic mice.were incubated with HRP-conjugated secondary antibody in PBS/
Nature. 334, 676–682.Tween. After washing six times for 5 min with PBS/Tween, the blots
were developed by enhanced chemiluminescence (ECL) following Gossen, M., and Bujard, H. (1992). Tight control of gene expression
the manufacturer’s protocol (Amersham Pharmacia Biotech). For in mammalian cells by tetracycline-responsive promoters. Proc.
stripping, blots were incubated for 30 min in a buffer containing Natl. Acad. Sci. USA 89, 5547–5551.
62.5 mM Tris/HCl (pH 6.8), 2% SDS, and 100 mM mercaptoethanol Gu, H., Kitamura, D., and Rajewsky, K. (1991). B cell development
at 608C. regulated by gene rearrangement: arrest of maturation by mem-
brane-bound Dm protein and selection of DH element reading
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